NC tool paths of digital CAD models are currently generated as a set of discrete data points. The CNC interpolator must convert these points into continuous machine tool axis motions. In order to achieve high-speed and high-accuracy machining, the development of a real-time interpolation algorithm is really indispensable, which can deal with a large number of short blocks and still maintain smooth interpolation with an optimal speed. In this paper, a real-time local cubic B-spline interpolator with look-ahead scheme is proposed for consecutive micro-line blocks interpolation. First, the consecutive micro-line blocks that satisfy the bi-chord error constraints are fitted into a C1 continuous cubic B-spline curve. Second, machining dynamics and tool path contour constrains are taken into consideration. Third, local cubic B-spline interpolator with an optimal look-ahead scheme is proposed to generate the optimal speed profile. Simulation and experiment are performed in real-time environment to verify the effectiveness of the proposed method. Compared with the conventional interpolation algorithm, the proposed algorithm reduces the machining time by 70%.
Introduction
With the development of high speed machining (HSM) in modern industry, CNC machine tools require high speed interpolation technology. At present, small lines generated from CAM software are used to approximate the complicated surface in machining. In order to get accurate and smooth contours, the lengths of the small lines usually are limited less than 1mm, which means that there will have ten thousands ever hundred thousands of program segments in machining a part. However, HSM requires that the feed drive has high speed and high acceleration to ensure high machining efficiency. Therefore, the consecutive micro-line interpolation technique that maintains a high speed in the link point between adjoining line blocks is required to avoid the frequent stop and startup of the feed motors [1] .
To solve these problems, there are two methodologies. First methodology is to improve look-ahead schemes. Wang [7] presented a look-ahead scheme to adjust the feed profile of the conventional interpolation method to overcome the feed fluctuation. However, the corresponding adjusting method depends on that the start velocity of the segment satisfying some conditions. Peng [1] presented a look-ahead scheme with adaptability of dynamics of machine tool. However, the look-ahead interpolation module does not operate in real time environment.
Second methodology is to fit the continuous short blocks (CSBs) into parametric curves. Farouki and Tsai [2] derived a third-order Taylor series interpolator and showed that the errors introduced by the Taylor series interpolators depend on the particular case and machine. Conditions like high command speed and high curvature, etc. can lead to significant increases in errors. Yau [3] presented a real-time fast Bezier interpolation method. The CSBs are fitted into cubic Bezier curves one by one. However, the tangent vectors at the segment junctions in the corresponding Bezier curves are different. The length of the segments and the corner angles still limit the speed. NURBS interpolation receives more attention and has been proposed by several investigators [4, 6, and 9] . However, there are three difficult issues in employing real-time NURBS interpolation: (i) difficult task to fit CSBs into NURBS, (ii) heavy computation load on recursive algorithms and (iii) inevitable errors introduced by employing truncated Taylor series.
To avoid the frequent stop/startup of the feed motors and fit the CSBs into parametric curve on-line, this paper presents a real-time local cubic B-spline interpolator with look-ahead scheme for high speed consecutive micro-line blocks interpolation. First, we propose the local cubic B-spline curve fitting algorithm. Second, we propose the local cubic B-spline interpolator with an optimal look-ahead scheme. Machining dynamics and tool path contour constrains are also proposed. Third, the proposed algorithm is demonstrated by simulation and experimental results. Finally, the conclusion is presented.
Local Cubic B-spline Curve Fitting Algorithm
The Definition of B-spline Curves. A pth-degree B-spline curve is represented by the following equation 
C u can be obtained by computing the kth derivatives of the basis functions.
Local Cubic B-spline Curve Fitting. Let{ }, 0, , k Q k n = … , be given. Local curve fitting method constructs n polynomial or rational curve segments,
Now let i u denote the start parameter of ( ) i C u and the end parameter of ( )
are pointing in the same direction. A five-point method is used to obtain tangent vectors k T at each k Q (see Fig. 1 ). 
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If the denominator of Eq.7 vanishes, we choose: 0.5 k α = , which implies:
So we can use Eq.6 to obtain , 0, , 
According to the properties of Bezier curve, the desired inner control points can be calculated:
where, α can be obtained by using the following equation. Bi-chord Error Constraint. In order to obtain good accuracy, the bi-chord error constraint must be taken into consideration before B-spline curves are used to fit such short blocks. Yau [3] proposed an isosceles triangle method to compute the bi-chord errors 1 δ and 2 δ , which are illustrated in Fig. 2 . Fig. 2 An isosceles triangle method to compute the bi-chord errors [3] .
where:
The error criterion max ε is set according to the accuracy requirement. Any corner whose bi-chord errors are bigger than the error criterion will be marked as a "break point." Then, the group of blocks between break points can be fitted by cubic B-spline curves.
Local Cubic B-spline Interpolator with an Optimal Look-ahead Scheme
Machining Dynamics and Tool Path Contour Constrains. The machining dynamics is represented by a fixed jerk limit m J Λ , a fixed acceleration limit m a Λ and a fixed velocity limit m V Λ available to each axis. In the following, the optimal feed is calculated according to the machining dynamics and the analysis of the segmented contour. 
However, we do not need to compute this constrain for other blocks which are fitted into cubic B-spline curves, because their tangent vectors coincide at the junction of the Bezier segments.
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Manufacturing Automation Technology Development 5. Jerk-limited acceleration method is used to generate the feed profile. Then, two adjacent joint feed i V , 1 i V + are constrained by the block length i l , the upper bound of the joint federate at the junction constrained by i l , im a , and im J is written as follows:
Eq.21 implies that the speed profile has the uniform acceleration phase, otherwise the speed profile of Eq.20 does not have.
Also, the lower bound of the joint federate at the junction constrained by i l , im a , and im J is written as follows:
Eq.23 implies that the speed profile has the uniform deceleration phase, otherwise the speed profile of Eq.22 does not have.
An Optimal Look-ahead Scheme. The proposed look-ahead scheme is shown in Fig. 3 . It mainly consists of three modules: fitting CSBs into cubic B-spline curves, computing machining dynamics and tool path contour constrains, and generating optimal speed profiles using jerk-limited acceleration method. 
 . Thus, the curve parameter m u can be calculated. 
Simulation and Experimental Results
In this section, simulation and experiment are performed on a three-axis XK714 CNC milling machine tool. The in-house-developed research CNC, which is PC-based, has an open architecture, and allows rapid implementation of the proposed interpolation algorithm. The CNC utilizes windows 2000 operating system embedding Venturecom's RTX 6.1 which provides the real-time computation and multitasking. A screw is used to test the performance of the proposed algorithm. Two speed profiles generated by two different methods are shown in Fig. 4 . The speed profile obtained with conventional interpolation algorithm fluctuates severely and the values are smaller than 2,500 mm/min. The speed profile obtained with proposed interpolation algorithm is much smoother and closer to 3,000 mm/min. Thus, the proposed algorithm can yield the more efficient velocity profile for high speed consecutive micro-line interpolation. Fig. 4 Two feed profiles generated by two different methods. Fig. 5 Machining a screw on three-axis machine tool
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In Fig. 5 , the screw is being machined on a three-axis XK714 CNC milling machine tool. The experiment is performed to validate the efficiency of the proposed algorithm. Compared with the conventional interpolation algorithm, the proposed algorithm reduces the machining time by 70%.
Conclusion
In this paper, a real-time local cubic B-spline curve interpolator with look-ahead scheme is developed for high speed consecutive micro-line blocks interpolation. With the proposed methodology, the consecutive micro-line blocks that satisfy the bi-chord error constraints can be fitted into 1 C continuous cubic B-spline curves, and in this case some constraints need not be calculated. Thus, the feed profile is smooth and close to the command value as far as possible. Finally, the proposed algorithm is validated on the PC-based real-time control system. The simulation and experiment results show that the proposed algorithm can generate an efficient feed profile and greatly shorten the machining time on the basis of the high machining accuracy.
